IN EVALUATING cardiac patients, it is important to be able to estimate left ventricular reserve. This can be done by measuring various parameters of cardiac mechanics during exercise. However, reliable and easily available methods have been lacking. For example, left ventricular catheterization cannot be easily performed during exercise. Radionuclide imaging shows great promise, but problems of image resolution remain. ' Recently, echocardiography has been used to obtain indices of left ventricular performance at rest. Stefadouros et al.' applied echocardiography to static exercise. However, there are important differences between static and dynamic exercise. Reports of the application of echocardiography to studies of dynamic exercise are scarce. Kraunz and Kennedy3 and Smithen et al. 4 attempted to use echocardiography for this purpose, but they analyzed only left ventricular posterior wall movement (presumably epicardial) and not the transverse diameter of the left ventricle. Redwood et al. ' made recordings of cardiac movements by echocardiography with subjects in an upright position, but it required very complicated apparatus.
We have developed a method of dynamic exercise echocardiography (DEE) that is performed with the patient in the supine position. It enables us to obtain the same parameters of left ventricular performance as at rest. This method has been applied to healthy men and to cardiac patients.
Methods
Ninety-three subjects were separated into three groups. Group 1 included 46 healthy subjects in whom physical and laboratory examinations revealed no abnormal findings. This group included 16 young people (age 20-30 years, mean 25.2 i 2.0 years), 18 middleaged (31-49 years, mean 40.7 ± 1.0 years) and 12 older people (age 50-71 years, mean 56.8 ± 2.0 years). There were equal numbers of males and females in the study and in the age subgroups.
Group 2 consisted of 35 patients with a variety of diseases affecting the left ventricle. This group included 15 patients with hypertension, six with mitral valvular disease, five with aortic valvular disease, five with idiopathic cardiomyopathy, and four who had various other conditions. Diagnoses were based on physical and laboratory examination, including chest x-ray films, ECG, phonocardiography, echocardiography, and cardiac catheterization. Group 2 contained 21 patients younger than 50 years (youngmiddle-aged subgroup) and 14 patients 50 years and older (older subgroup). Patients were chosen whose left ventricular disease was not so advanced that it prevented the performance of a degree of ergometer exercise sufficient to raise the heart rate to 100 beats/min (method described below) with no subjective complaints. Thus, severe cases were excluded from this study, since their state of malfunction was obvious and they did not require the discriminatory separation that we hoped to achieve by the exercise test.
The patients in group 2 were divided into two subgroups. Group 2A patients had mild left ventricular disease, and group 2B patients had moderately severe left ventricular disease. An estimate of severity was determined by a scoring system using the following criteria: 1) a history of congestive heart failure (present -1, absent -0); 2) New York Heart Association functional classification (class I 1, class II 2, class III -3); 3) objective symptoms of congestive heart failure (present -1, absent -0); 4) cardiothoracic ratio on the chest x-ray film (> 50% -1, < 50% -0); and 5) left ventricular hypertrophy by ECG (present -1, absent -0). Group 3 included 12 subjects with exertional angina pectoris. All subjects in this group were older than 50 years. The diagnosis was based on the history of anginal attacks on exertion and laboratory examination, including ECG, stress ECG and coronary arteriograms.
The subjects performed ergometer exercise in a supine position on a special The measurements at rest were performed with the subject's legs already attached to the bicycle ergometer (Monark). Then, ergometer exercise was performed at 40 cycles/min in a supine position with ECG monitored by oscilloscope, until the heart rate rose to 97-109 beats/min (abbreviated to 100 beats/ min), when the measurements were again recorded. Exercise was begun at a level of 0.5 kg; if the heart rate did not rise to 100 beats/min by 1 minute, the level was increased by 0.5 kg every 2 minutes until heart rate did rise to 100 beats/min. Mean exercise level was 1 kg and average exercise periods lasted 2 minutes. In some cases, exercise was continued until the heart rate rose to 120-130 beats/min. In group 3, the exercise was also interrupted at the appearance of typical anginal pain, ST-segment depression 2 mm, or life-threatening dysrhythmias on ECG. In 12 subjects, cardiac output was measured by the dye-dilution method simultaneously with echocardiography, both at rest and during exercise. A 19-gauge polyvinyl catheter 60 cm long was inserted into the antecubital vein. Five milligrams of indocyanine green dye in 1 ml distilled water was flushed into the vein with 10 ml saline. A dye-dilution curve was recorded by densitograph (Nihon-kohden Company), using an earpiece, and cardiac output was calculated.
(The validity of measuring cardiac output using an ear-oximeter has been validated by correlating this method with dye-dilution curves obtained by arterial blood withdrawal.8 The cardiac output measurements by the two methods were performed in the steady state at rest and during exercise at heart rate of 100 beats/min, except one case in which the heart rate rose to 144 beats/min after 9 minutes of exercise.
In six subjects, DEE was performed twice with an interval of about 15 minutes, and the values were compared to investigate the reproducibility of the method.
Statistical comparisons were made with the t test.
Results Figure 4 shows a resting and a dynamic exercise echocardiogram in a 36-year-old female. The endocardial echo of the left ventricular posterior wall and left side of the interventricular septum can be seen clearly, even during exercise. Echoes of chordae tendineae indicate that these echocardiograms are from the same part of the left ventricle, both at rest and during exercise. Among subjects in whom a clear echocardiogram could be obtained at rest, a clear exercise echocardiogram was also obtained in 83%. Figure 5 shows a comparison of cardiac output determined by echocardiography and by the dyedilution method at rest and during exercise. Almost identical values were obtained by the two methods. The correlation coefficient was highly significant (r = 0.96) (p < 0.01). Table 5 shows the statistical comparisons of the changes of mean Vcf during exercise. Table 6 shows the changes of cardiac output during exercise measured at the same time. These observations suggest that mean Vcf is more sensitive than cardiac output in evaluating the response to exercise. Figure 8 shows the changes of mean Vcf by exercise in each case of group 3. During exercise, in many of them it decreased, but in one case it showed no change and in three cases it increased. Figure 9 shows the changes of V, and of Vi, during exercise in 12 cases who were taken from groups 1 and 2 by a random sampling method ( fig. 9A) , and in all the cases fig. 9B ). In figure 9A , both the velocities changed in the same direction during exercise, but in figure 9B , they changed in the opposite directions. Observations of the transverse diameter just below the tip of anterior mitral leaflet can be a valuable marker to insure reproducibility in repeating the measurements during exercise. We did not find it necessary to use a device to hold the transducer in an upright position as was done by Redwood,5 and felt that this addition would be too cumbersome.
There may be two principal problems in DEE: whether clear echocardiograms can be obtained during exercise, and whether the values obtained from them should be considered an index of left ventricular performance.
To solve the first problem, we have taken the following steps: 1) Ergometer exercise was performed in a supine position. Redwood et al.5 carried out echocardiography during exercise with the patient in the standing position, but found this method difficult. With the patient in the supine position, the transducer can be held in an optimal position during dynamic exercise and at rest. 2) We designed a special table for left ventricular volumes and mean Vcf could not be compared with other methods, because they could be confirmed only by angiography.) 3 ) The values of hemodynamic parameters were reproducible in repeat examinations. If the echocardiogram can be obtained during exercise from the same part of the left ventricle as at rest, it can be used to obtain hemodynamic indices comparable to those obtained at rest. There may be a small difference in the part of the left ventricular echograms examined between at rest and during exercise; but we avoided this problem in many cases by trying to obtain similar echocardiographic patterns by scanning the left ventricle at each recording.
Technique of Dynamic Exercise
Bicycle ergometer exercise in this study was performed at a level that increased heart rate to 100 beats/min in a supine position. The reasons this method was chosen are:
1) Heart rate is a parameter that can be used to assess exercise stress. There is a good correlation between the heart rate and oxygen consumption up to near-maximal levels of exercise; thus, heart rate can be used to predict oxygen consumption. 16 2) Exercise that elevates heart rate up to 100 beats/min is considered safe even for older persons, because this exercise level is frequently experienced in daily life even by patients with ischemic heart disease. As shown in this study, even these mild levels of exercise induced significant changes in hemodynamic parameters.
3) Severe exercise often induces extreme expansion of the lungs that interferes with the echocardiogram. Exercise associated with heart rates of up to 100 beats/min did not disturb the recordings in most subjects. Bruce et al.'9 calculated the percent deviation from observed values for maximal pressure-rate product and maximal heart rate in healthy subjects of various age groups and emphasized the importance of distinguishing between the response to maximal exercise caused by cardiovascular diseases and that caused by aging. Our study is in accord with these observations, with data derived from ventricular mechanics.
Characteristics in Dynamic Exercise Echocardiography DEE is useful because 1) it gives information about the reserve of left ventricular performance, including left ventricular dimension, which can not easily be measured by other methods; 2) it discriminates the difference in left ventricular reserve among normals and mild and moderately severe left ventricular disease; 3) it is noninvasive and can be performed repeatedly; 4) the movement of the chambers of the heart can be observed directly; and 5) the left ventricular performance of each beat can be observed.
Although it has long been known that cigarette smoking has acute effects upon the circulation, including increases in both heart rate and blood pressure, the implied cardiovascular stress produced in healthy subjects has not been assessed quantitatively nor its pathogenesis elucidated adequately.
Thus, the present study was designed to define noninvasively the hemodynamic effects of smoking a highnicotine content tobacco cigarette vs an ultra-low nicotine content tobacco cigarette.
Materials and Methods
Study Design
Experiment I Comparison between a high-nicotine cigarette and a
